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The H19 locus belongs to a cluster of imprinted genes that is linked
to the human Beckwith-Wiedemann syndrome. The expression of
H19 and its closely associated IGF2 gene is frequently deregulated
in some human tumors, such as Wilms’ tumors. In these cases,
biallelic IGF2 expression and lack of expression of H19 are associ-
ated with hypermethylation of the imprinting center of this locus.
These observations and others have suggested a potential tumor
suppressor effect of the H19 locus. Some studies have also sug-
gested that H19 is an oncogene, based on tissue culture systems.
We show, using in vivo murine models of tumorigenesis, that the
H19 locus controls the size of experimental teratocarcinomas, the
number of polyps in the Apc murine model of colorectal cancer and
the timing of appearance of SV40-induced hepatocarcinomas. The
H19 locus thus clearly displays a tumor suppressor effect in mice.

genomic imprinting � Igf2 � murine models

The H19-Igf2 locus is subject to genomic imprinting and has often
been used as a paradigm for the study of this particular

epigenetic regulation. The H19 locus produces a 2.5-kb noncoding,
spliced, and polyadenylated RNA of yet-unknown function (1, 2).
The Igf2 gene encodes a fetal growth factor, insulin-like growth
factor 2. These two genes are located 90 kb apart and are oppositely
imprinted: H19 is maternally expressed and Igf2 paternally ex-
pressed (1, 3). They belong to a large imprinted domain localized
on chromosome 7 in mice and chromosome 11p15.5 in humans. The
imprinting of Igf2 and H19 is controlled by a region located 4 kb
upstream from the H19 transcription unit, defined as the H19
differentially methylated region (DMR) or imprinting control
region (ICR) (4).

The 11p15.5-imprinted domain is linked to the Beckwith-
Wiedemann syndrome (BWS), which is characterized by over-
growth phenotypes of affected children as well as a predisposition
to develop embryonal tumors such as Wilms’ tumor or rhabdomy-
osarcomas (5). Among the molecular alterations involved in BWS,
certain cases (20%) show paternal uniparental disomy (UPD);
other cases (5–10%) have hypermethylation of the H19 DMR; and
both lead to lack of expression of H19 as well as activation of IGF2.
These patients have higher risk of developing tumors than patients
with other molecular defects (6). Genetic and epigenetic alterations
at 11p15.5 similar to those found in the BWS have also been
demonstrated in nonsyndromic Wilms’ tumors. A great number of
these cases have either loss of the maternal allele (LOH) or LOI (7,
8). It has thus been suggested that the H19 gene could have a
possible tumor suppressor function (9). The first direct evidence for
this tumor suppressor function was provided by in vitro experiments
in which transfection of H19 cDNA into G401-transformed kidney
cells resulted in loss of tumorigenicity of these cells (10). Subse-
quent experiments performed with in vitro culture systems sug-
gested that H19 played a role as an oncogene rather than a tumor
suppressor gene (11, 12). This controversy has not yet been re-
solved, as numerous human tumors have been shown to display
either overexpression or lack of H19 expression (13–15).

We decided to investigate the potential role of the H19 locus in
vivo by producing murine models of tumorigenesis. We used H19�3

(16) and H19�Enh (17) mice (Fig. 1A) and 3 distinct models of
tumorigenesis to investigate the potential tumor suppressor activity
of the H19 locus. In the first model, experimental teratocarcinomas
induced by grafting embryos under the kidney capsule were com-
pared for size, weight, and histopathology (18). In the second
model, the H19�3 mice were bred with mutants of the Apc gene,
Apc�14/�, which represent a murine model for colorectal cancer
(19). The double mutants lacking H19 and Apc show an increase in
number of polyps compared with their Apc littermates. Finally,
using a transgenic SV40 hepatocarcinoma model (20, 21), we show
that the delay of appearance of these tumors is greatly reduced in
the absence of H19. Interestingly, these models derive from the 3
germ layers (endoderm, mesoderm, and ectoderm) and result in
similar phenotypes, showing a tumor suppressor function for the
H19 locus.

Results
Teratocarcinoma Model. H19�3 phenotype and Igf2 expression. We
originally described that in the H19�3 mutants the maternal Igf2
allele was slightly reexpressed in skeletal muscle but not in liver (16).
To identify the precise levels of Igf2 expression, we extended our
analysis to other organs using a cross between H19�3 and SD7 mice.
Igf2 is biallelically expressed only in mesoderm-derived tissues (limb
muscle, tongue, diaphragm, and heart) and not in endoderm-
derived tissues (kidney, lung, and liver) (Fig. 1B). Importantly,
maternal Igf2 reexpression reaches at most 20–30% of the paternal
allele in 5-day neonates, showing that there is only a slight increase
in Igf2 mRNA levels in the H19�3 mice.
Production of tumors on wt background. Experimental teratocarcino-
mas were produced by grafting E 6.5 embryos under the kidney
capsule of syngenic mice. We first compared the weight of tumors
obtained after grafting wt or H19�3 embryos into wt recipient mice.
The results showed a clear difference for the two genotypes (Fig.
2A). Although there was some heterogeneity, the overall weight of
H19�3 derived tumors was �1.6-fold higher than that of wt-derived
tumors (P � 0.015).

In all cases, the tumor and the kidney were clearly individualized,
with no invasion of the tumor into the kidney (Fig. 2B). Histologic
analysis revealed the presence of different tissues derived from all
3 embryonic germ layers (ectoderm, endoderm, and mesoderm).
There were no striking differences in the type of tissue, suggesting
that the absence of H19 does not affect the development of any 1
particular tissue and that all 3 germ layers are involved.
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Production of tumors on Igf2�/� background. To separate paracrine
and autocrine effects of IGF2, we performed the same grafting
experiment using Igf2�/� recipient mice. There was a strong
reduction in the overall size of the tumors for both genotypes
(Fig. 2 A), suggesting that circulating IGF2 in the recipient
mouse plays an important role in the final size of the tumors.
Most interestingly, the relative weight difference was main-
tained, with a 2-fold difference between H19�3 tumors com-
pared with wt tumors on this Igf2�/� background (P � 0.05).

Taken together, analysis of the weight of the tumors at 35 days
on both wt and Igf2�/� backgrounds showed a significant difference
according to their genotype, with the wt tumors being smaller than
the H19�3-derived tumors. Because the relative weight difference
between the two genotypes (wt and H19�3) was maintained on both
backgrounds (wt and Igf2�/�), this implies that the H19 locus plays
a definite role in the production of these experimental tumors.

Tumor Characteristics. H19 and Igf2 expression. We investigated the
levels of Igf2 mRNA by real-time quantitative RT-PCR in tumors
produced both in the wt and the Igf2�/� host background. Igf2
expression was heterogeneous, did not strictly correlate with tumor
weight and showed no significant difference between wt and H19�/�

derived tumors (Fig. 2C). We concluded from these results (i) that
tumor size is controlled by presence or absence of the H19 locus
with little correlation to autocrine levels of Igf2 expression, and (ii)
that the host background and the level of paracrine IGF2 play a
major role in tumor size. Whether this effect is due to the protein
itself or to other factors under the control of the Igf2 gene remains
to be elucidated.

Methylation status of H19 ICR. Because hypermethylation of the H19
DMR has been observed in Wilms’ tumor samples, we investigated
its methylation state in our teratocarcinoma samples. Tumor DNA
was digested with SacI and HhaI (a methylation-sensitive enzyme)
and the methylation state of the ICR was analyzed using a probe
overlapping 1 of the CTCF binding sites (CTCF site 3) (Fig. 2D).
These results were quantified and show a slightly higher methylation
index (MI; methylated fragment/methylated plus unmethylated
fragment) than expected but no significant difference between the
two types of tumors. There was therefore no striking shift in the
pattern of methylation of the H19 ICR.

The results obtained from this teratocarcinoma study suggest that
the lack of H19 expression leads to larger tumors, consistent with
its proposed role of tumor suppressor, and independently of Igf2
levels of expression.

Colorectal Cancer Model. Increased adenoma number in the H19�3/
�Apc�14/� mutant mice. To study the effect of absence or presence
of the H19 locus in a murine carcinogenesis model, we bred H19�3
heterozygous females (outbred C57BL/6/CBA) with the Apc�14
heterozygous males. This cross produced 4 genotypes, H19�/
�Apc�/� (wt), H19�3/�Apc�/�, H19�/�Apc�14/� and H19�3/
�Apc�14/�. Because of genomic imprinting, H19�3/� progeny
completely lack H19 expression. Mice were analyzed at 180 days, as
some began to show signs of anemia and rectal bleeding with
prolapse. As expected, in the absence of Apc mutation, no polyps
were detected in the wt and H19�3/�Apc�/� mice. In Apc�14/
�mice, the number of adenomas was significantly higher (2.2-fold)

Fig. 1. Expression of the H19-Igf2 locus. (A) Maps of the H19-Igf2 locus. Wt, H19�3 and H19�enh mutants are represented with maternal (Mat) and paternal
(Pat) alleles. Endodermal enhancers (E Enh) are indicated downstream from the H19 gene. Black arrows indicate full transcription and the gray arrow indicates
weak transcription. R � EcoRI, S � SalI, X � XbaI, B � BamHI. (B) Igf2 expression analysis in H19�3 and wt mesoderm- and endoderm-derived organs. H19�3 and
wt females were crossed with SD7 males. Semiquantitative RT-PCR was performed on 2 organ samples of 5-day-old mice, then digested with BsaA1 to detect
the Mus spretus paternal polymorphism. Maternal Igf2 expression was only detected in mesoderm derived tissues, as shown by the Mat/Pat ratio under each slot.
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in the absence of H19 than in its presence (P � 0.05) (Fig. 3A).
Strikingly, the increase in the number of smaller polyps (�2 mm)
was even greater (3-fold difference) in the absence of H19. This
would suggest that the H19 locus could control the initiation step
of tumorigenesis.

We performed the same cross using females carrying the H19�3
mutation on the 129/SvPas background. A similar increase in
number of adenomas (1.4-fold) in mice lacking the H19 locus was
detected. This difference (1.4- vs. 2.2-fold) is consistent with
observations suggesting the presence of modifier genes in the 129
strain compared with the C57BL/6 background (22).
Histology of the intestinal lesions. Close histologic examination of the
whole-intestine ‘‘Swiss rolls’’ revealed the presence of adenomas,
with some in situ adenocarcinomas (Fig. 3B), which occurred
independently from the presence or absence of the H19 locus.

Previous experiments describing the effect of another H19 mu-
tation, H19�13 (in which Igf2 mRNA level is increased by 2-fold)
on tumor incidence in the Apc min mice had shown that an increase
in crypt length was observed due to the increased level of IGF2 (23,
24). To exclude a role for IGF2 in the polyps produced in the H19�3
mutants, we evaluated the crypt size on hematoxylin and
eosin(H&E) -stained sections of the small intestine, by performing
16 measures per section of H19�/�Apc�14/� (n � 5, 3 on C57BL/6
and 2 on 129/SvPas background) and H19�3/�Apc�14/� mice
(n � 5, 2 on C57BL/6 and 3 on 129/SvPas background) (Fig. 3B).
No difference in crypt length was found, with an average of 2.8 units
for the H19�/�Apc�14/� mice and of 2.6 units for the H19�3/
�Apc�14/� mice (a control wt mouse had a 2.8-unit crypt length).
These data suggest that the levels of Igf2 expression did not differ
between the wt and the H19�3 genotypes and did not affect
intestinal growth in these mice.
Igf2 expression levels. To confirm the absence of effect of the Igf2
gene, we compared the levels of Igf2 expression between wt and
H19�3 strains by semiquantitative and real-time qRT-PCR. Igf2
expression is very low in colon and intestine in H19�3/� as well
as in wt mice, compared with muscle, where it is highly expressed
(data not shown). Igf2 expression is also very low and hetero-
geneous in polyps from both H19�3/�Apc�14/� and H19�/
�Apc�14/� mice, with no significant difference between the two
genotypes (P � 0.06) (Fig. 3C).
ICR methylation analysis. We also investigated whether the methyl-
ation status of the H19 ICR was disrupted in the intestine, colon,
and polyp DNA from these mice. The H19 ICR displayed a
constant methylation pattern, with the methylation index showing
no significant difference between all genotypes and tissues analyzed
(Fig. 3D).

Taken together, these results show that the lack of H19 expres-
sion causes an increase in the number of polyps in the Apc colorectal
cancer model, independent of Igf2 expression. Interestingly, the
initiation step of polyp appearance seems to be affected by the
absence of H19.

Experimental Liver Carcinogenesis. Tumor formation. In mice carrying
a targeted deletion of the endodermal enhancers located down-
stream from the H19 gene (H19�Enh) (17), it was shown that these
enhancers are required in cis for the activation of Igf2 and H19
during liver carcinogenesis (20). To establish whether H19 had a

samples, tumors are displayed by increasing weight as indicated in white. No
significant difference in the levels of Igf2 was detected between the 2 sample
sets (P � 0.39 on wt hosts and P � 0.45 on Igf2�/� hosts, respectively). (D)
Methylation status of the ICR in tumors. Tumor DNA (wt in Left and H19�3 in
Right) was digested with SacI (S) and HhaI (H) and analyzed with the CTCF3
probe (thick black line). The resulting 3.8 kb SacI fragment corresponds to the
fully methylated paternal allele and the 0.3 kb HhaI fragment to the unmeth-
ylated maternal allele. Methylation index (MI) is indicated under each sample.

Fig. 2. Teratocarcinoma model. (A) Diagram of weights from wt and �19�3
derived tumors 35 days after grafting. Wt and �19�3 (indicated as H19�/�) are
plotted in gray and black respectively, either on wt or Igf2�/� recipient
background. (B) Histologic sections of embryo-derived teratocarcinomas. Tu-
mor section after ectopic grafting to the kidney (Top). Differentiated tissues
such as muscle (Middle) or bone (Bottom) in both wt and H19�3 derived
tumors can be identified. (C) Expression analysis of Igf2 in tumors. Levels of
Igf2 mRNA (orange) were determined by real-time qRT-PCR in wt and H19�/�

derived tumors, produced on wt or Igf2�/� recipient background. H19 levels
are shown in black (samples 1–4 are wt, others are H19�/�). In each set of

Yoshimizu et al. PNAS � August 26, 2008 � vol. 105 � no. 34 � 12419

G
EN

ET
IC

S



role in tumor development, we analyzed liver carcinogenesis in mice
lacking H19 expression (Mat�Enh, Fig. 1A).

The model investigated was that in which mice of the CRP-Tag
60-3 line carry the SV40 T antigen oncogene under the promoter
of the liver-specific human C-reactive protein gene (25, 26). The
males of this transgenic line have a low but constitutive expression
of the SV40 T antigen, which, after formation of hyperplastic foci
and neoplastic nodules, eventually leads to the development of
multiple hepatocellular carcinomas at 4–5 months of age.

We have previously shown that H19 is activated in the experi-
mental hepatocellular carcinomas (20, 26). We have now analyzed
the expression of H19 and Igf2 in the liver tumors arisen in Mat�Enh
and wt mice. Northern and in situ hybridization analyses showed
that H19 RNA was undetectable in the Mat�Enh tumors but was
activated in the majority of the neoplasms found in the wt mice (Fig.
4A and 4B). RNase protection analysis demonstrated that the
majority of wt tumors had H19 RNA levels at least 3 orders of
magnitude higher than the Mat�Enh tumors (data not shown). As
in the wt mice, Igf2 was expressed at variable levels in all tumors with
the Mat�Enh genotype (Fig. 4 A and B). RNase protection analysis
on 15 wt and 15 Mat�Enh tumors demonstrated very similar Igf2

Fig. 3. Colorectal cancer model. (A) Effect of H19 deletion on Apc�14/�
intestinal polyps at 180 days. Top shows the number of polyps in H19�/
�Apc�14/� (gray) and H19�3/�Apc�14/� (black) mice on C57BL/6 background
(P � 0.05). Bottom shows the number of polyps smaller and larger than 2 mm for
both genotypes, with a significantly higher number of smaller polyps in the
H19�3/�Apc�14/�mice. (B) Histologic analysis. Top shows H&E staining of ade-
nomas in the colon and small intestine of H19�3/�Apc�14/� mouse. Bottom
shows H&E staining of the small intestine crypts from H19�/�Apc�14/� and
H19�3/�Apc�14/� mice. Crypt length was measured (black vertical bar) and
showed no significant difference between the two genotypes. (C) Expression
analysis of Igf2 transcripts. Detection of Igf2 transcript level by quantitative
RT-PCR in polyps from H19�/�Apc�14/� and H19�3/�Apc�14/� mice. Gapdh
was used as control. (D) Methylation status of the ICR in intestine (I), colon (C),
colon polyps (CP) and intestine polyps (IP) from H19�3/�Apc�14/�, H19�/
�Apc�14/�, H19�3/� and wt mice. The 3.8-kb SacI fragment corresponds to the
fully methylated paternal allele and the 0.3 kb HhaI fragment to the unmethyl-
ated maternal allele as in Fig. 2. Methylation indexes (MI) are indicated.

Fig. 4. Experimental liver carcinogenesis model. (A) Expression analysis of Igf2
and H19 transcripts. Northern analysis of 15 wt or Mat�Enh liver tumors. The blot
was hybridized sequentially with the H19, Igf2 and ribosomal 28S probes. (B) Igf2
and H19 expression in Mat�Enh mice. Serial frozen sections of liver nodules of
148-day-oldmaleMat�EnhandwtmicewerehybridizedtoS35-labeled Igf2 (Left)
or H19 (Right) probes. (C) Latency of liver tumor appearance in the Mat�Enh
mutants.Micewerekilledbetween120and134daysofage.Thehistogramshows
the fraction of animals with liver tumors larger than 3 mm. The number of mice
analyzed in each class is indicated above the columns.
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mRNA levels (4.72 � 2.6 vs. 4.73 � 1.6 arbitrary units, data not
shown).
Latency of tumor development. The male mice which developed liver
tumors larger than 3 mm by 120 days of age were 11/31 (35%)
for the Mat�Enh and 5/24 (20%) for the wt genotypes, respec-
tively. By 127 and 134 days, the mice with tumors were 6/8 and
6/9 for the Mat�Enh genotype and 7/19 and 3/7 for the wt
genotype, respectively (Fig. 4C). Overall, 23/48 (48%) Mat�Enh
and 15/50 (30%) wt male mice (P � 0.037) had liver tumors when
analyzed between 120 and 134 days of age. In contrast, Pat�Enh
mice, expressing high levels of H19 but low levels of Igf2,
developed tumors with a delayed time course (20). These results
suggest that the lack of H19 expression causes acceleration in the
development of liver tumors, consistent with its proposed role of
tumor suppressor.

Discussion
The presence of a potential tumor suppressor gene in the 11p15.5
chromosomal region has been hypothesized for many years. This
stemmed from the observation that in patients with BWS, there was
a predisposition toward development of embryonal tumors. Two
domains of imprinted genes have been identified in this region, the
IC1 domain with the H19-IGF2 locus and the IC2 domain with the
KCNQ1 locus associated with several other genes such as CDKN1C
(or p57KIP2). The H19 locus, with no known function was one of
the candidates for a tumor suppressor (9).

The initial evidence in support of this hypothesis mainly involved
in vitro experiments (10). Our aim was to use animal models to
investigate the potential tumor suppressor activity of H19 in vivo.
The H19�3 mice we had produced never developed tumors,
whatever background they were bred on (outbred C57BL/6/129 or
inbred 129/SvPas). For this reason, we challenged these mutant
mice in different tumor models.

The teratocarcinoma model has been an experimental system for
producing tumors in the mouse which was described many years ago
(27). Teratocarcinomas are composed of highly undifferentiated
embryonal carcinoma (EC) cells and of differentiated cells derived
from all 3 embryonic layers (mesoderm, endoderm, and ectoderm)
(18). Teratocarcinomas can be produced either by grafting embryos
or by injecting ES cells under the skin. We chose to graft E 6.5
embryos under the kidney capsule because this approach provided
a better control of the number of grafted cells. We were aiming not
only to investigate whether tumors were produced in presence or
absence of H19, but also whether there was a size difference in these
different cases.

The comparison of tumors induced by either wt or �19�3
embryos clearly shows a difference in the weight of the tumors that
are produced after 35 days. There is, of course, some heterogeneity,
but overall �19�3 tumors are larger than their wt counterparts.
Importantly, the size difference between �19�3 and wt induced
teratocarcinomas was maintained on the Igf2�/� background (2-
fold) compared with the wt background (1.6-fold).

These tumors displayed cells derived from endoderm, meso-
derm, and ectoderm. This is interesting with regard to observations
made on teratocarcinomas produced from androgenetic ES cells,
which display lack of H19 (maternally expressed) as well as disrup-
tion of many other imprinted genes (28). These tumors consisted
predominantly of striated muscle. Since we find no difference in the
type of tissues of H19�3 or wt derived teratocarcinomas, the H19
locus is probably not involved in the overproduction of muscle cells
found in the androgenetic tumors. This could be of interest with
respect to the occurrence of rhabdomyosarcomas in BWS patients
and suggests that perhaps other genes of the 11p15.5 region are
responsible for this type of tumor.

The choice of our second colorectal cancer model was prompted
by data showing increase in size and number of polyps in mice
carrying the H19�13 mutation compared with wt mice (24). These
mutant mice lack H19 but also overexpress maternally derived Igf2

because of the ICR deletion. To discriminate between the effects
of each one of these genes, we performed the cross between H19�3
females (in which the 3-kb transcription unit only is deleted) and
Apc mutant males.

The number of polyps is 	2-fold higher in absence of H19, with
an increase in the number of small polyps, suggesting that lack of
H19 may play a role in the initiation step of tumorigenesis. Only low
levels of Igf2 mRNA were found in normal tissue (intestine and
colon) and in the polyps, with no significant difference between
mutant and wt polyps. No difference in the crypt size was detected,
whereas previously published data suggested that relative levels of
Igf2 are responsible for crypt depth (24). Taken together, the results
obtained from both our H19�3 mutants and the H19�13 mutants
allow to postulate that H19 is playing a definite role in the
production and size of polyps, whereas Igf2 may be contributing to
the growth of these polyps by affecting the intestinal crypt size.

The SV40 induced hepatocarcinomas interestingly revealed an
acceleration in the latency of appearance of the tumors in the
absence of H19 expression. Expression of the Igf2 and H19 genes is
completely shut off in the liver of adult CRP-Tag mice, but is
reactivated in a coordinate manner during liver carcinogenesis with
conservation of their imprinted expression (26). In addition, loss of
the maternal and duplication of the paternal copy of the chromo-
somal region bearing the Igf2 and H19 genes occur at high fre-
quency in the hepatocellular carcinomas. These genetic events
resemble the LOH occurring at chromosome 11p15.5 loci in human
cancers and result in activation of IGF2 and lack of H19 expression.

It has been recently reported that the H19 gene may act as an
oncogene in studies using human cells maintained in culture and
injected into mice to produce tumors (15). The discrepancy with our
results could be explained by the difference in the systems. The
main interest of our study resides in the use of mouse genetics. Our
models reproduce a situation in which the potential oncogenic
teratocarcinomas, Apc�/� polyps or SV40 induced hepatocarcino-
mas are challenged with mice in which the H19 locus is present (or
absent) throughout embryogenesis and the whole life of the mouse.
Its effect is therefore constant and this may represent a more
biologic situation than a cell culture system. It must also be
acknowledged that the H19 locus may play a more complex role in
humans than in mice.

Because H19 KO mice never spontaneously develop tumors in
vivo, as other murine models of tumor suppressor genes, H19
may play the role of a ‘‘modifier gene’’ suppressing tumorigen-
esis. It could act either through its long noncoding RNA or
through the microRNA (miR-675) that has been recently de-
scribed in exon 1 (29, 30). Targets of H19 remain to be identified
and linked to a biologic function possibly related to pathways
involved in tumorigenesis.

Materials and Methods
Mouse Strains and Genotyping. TheH19�3 straincarriesa3kbdeletionof theH19
transcription unit and was initially established on an outbred C57BL/6/CBA back-
ground (16). Because an isogenic 129 background was required for the terato-
carcinoma experiment, we also produced a 129 H19�3 strain by reinjection of the
original H19�3/� ES cell line into blastocysts. The 129/SvPas wt strain and the 129
Igf2�/� strain (31)wereusedas recipients for theproductionof teratocarcinomas.
The H19�Enh mice (17) were maintained on a C57BL/6 background. These mice
can be bred as maternal heterozygotes (MatH19�Enh) which lack H19 expression
since the deletion is carried on the maternal allele (Fig. 1A). The SD7 strain is a
C57BL/6/CBA strain carrying the distal part of Mus spretus chromosome 7. The
Apc�14/� mice were bred on a C57BL/6 background (19) and were crossed with
either the outbred H19�3 or the inbred 129 H19�3. The CRP-Tag 60-3 strain (25)
was maintained on a BALB/c background. The protocol of animal handling and
treatment was performed in accordance with the guidelines of the animal ethics
committee of the Ministère de l’Agriculture of France.

Genotyping was done by PCR on tail DNA. Primers used for detecting the
H19�3 allele were neo primers: 5
 -GTCCTGATAGCGGTCCGCCA-3
 and 5
-
GTGTTCCGGCTGTCAGCGCA-3
 (500 bp). The Apc�14 allele was detected using
primers that distinguish the wt allele (180 bp) from the exon14-excised allele (160
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bp): Primer 1: 5
CTGTTCTGCAGTATGTTATCA-3
; Primer 2: 5
-CTATGAGTCAACA-
CAGGATTA-3
; Primer 3: 5
-TATAAGGGCTAACAGTCAATA-3
.

Teratocarcinoma Production. Wt or H19�3 embryos were dissected at 6.5dpc and
the ectoplacental cone was taken off. These embryos were introduced under the
kidney capsule of isogenic males (8–10 weeks old), as previously described (18).
The recipient mice were either 129/SvPas wt or 129 Igf2�/� strain. 35 days after
grafting, tumors were surgically dissected from the mice and weighed. A fraction
of the tumor was used to prepare DNA and RNA. The remaining part was fixed
in Bouin’s fixative, embedded in paraffin, and 5 �m sections were stained with
hematoxylin and eosin (H & E).

Polyp Analysis and Tumor Scoring. The progeny from the cross between H19�3/�
and Apc�14/� mutant mice were killed at 180 days and genotyped. The entire
intestinal tract was removed, flushed with PBS, and stained with Indigo carmine
(0.08%). The small intestine and colon were opened longitudinally, flattened on
filter paper, and fixed in 4% PFA. The number and size of the polyps were
determined by double counting on mice blinded for genotype. The whole intes-
tine was then rolled and embedded in paraffin for histologic analysis (‘‘Swiss
rolls’’). Crypt length and tumor grading were performed on 5-�m H & E sections.

Analysis of Liver Tumorigenesis. Homozygous CRP-Tag 60-3 males were mated
with MatH19�Enh females, and liver carcinogenesis was analyzed in their prog-
eny. The mice were genotyped for the presence of the H19�Enh, as described in
ref. 21. The males were killed between 120 and 134 days of age. Livers were
dissected from the mice and carefully examined for the presence of tumors. Only
nodules larger than 3 mm were considered.

Statistical Analyses. Data are shown as averages and s.e.m. We used ANOVA
analysis and Student t test with Excel X and Statview.

RNA Preparation and Analysis. Total RNA was extracted from 5-day neonate
organs or tumors with TRIzol reagent (Invitrogen). For RT-PCR analysis, DNase I
treated RNA (0.5 �g) was reverse-transcribed with SuperScript II and random
hexamer primers (Invitrogen). For semiquantitative RT-PCR, 50 ng of cDNA were
amplified using gene-specific primers and TaqDNA polymerase (Invitrogen) dur-
ing 20 cycles. Detection of Igf2 transcripts derived from the SD7 cross was
performed using primers: forward 5
-GACGTGTCTACCTCTCAGGCCGTACTT-3

andreverse5
GGGTGTCAATTGGGTTGTTTAGAGCCA-3
.The517-bpproductwas
digested with BsaA1, yielding a 241-bp paternal fragment detected by the

internal primer 5
- TCAAATTTGGTTTTTTAGAA-3
. RT-PCR products were sepa-
rated on 1% agarose gels and transferred onto Hybond N� membranes in 0.4 M
NaOH. Blots were probed with �P32ATP kinase-labeled primers at 42°C in Church
buffer. Membranes were washed in 0.4�SSC, 0.5% SDS at 42°C and results were
quantified using PhosphorImager analysis and ImageQuant software.

Quantitative q-PCR was performed on a Light Cycler system using Sybr Green
PCR kits (Roche). 1 to 5 ng of cDNA were amplified in duplicate using primers for
H19, Igf2, GAPDH and TBP. H19 F 5
-GGAGACTAGGCCAGGTCTC-3
; H19 R 5
-
GCCCATGGTGTTCAAGAAGGC-3
; Igf2 F 5
-GGCCCCGGAGAGACTCTGTGC-3
;
Igf2 R 5
-TGGGGGTGGGTAAGGAGAAAC-3
; GAPDH F 5
-ACAGTCCATGCCAT-
CACTGCC-3
; GAPDH R 5
-GCCTGCTTCACCACCTTCTTG-3
; TBP F 5
-GCAATCAA-
CATCTCAGCAACC-3
andTBPR5
-CGAAGTGCAATGGTCTTTAGG-3
.Genormcal-
culations were used for normalization.

Northern analysis and RNase protection assays were carried out as previ-
ously described (20).

Methylation Assay. DNA from tumors, polyps or control tissue was incubated at
55°C in lysis buffer (Tris 100 mM pH 8, EDTA 5 mM, SDS 0.2%, NaCl 20 mM, and
0.4 mg/ml Proteinase K (Sigma), followed by phenol-chloroform extraction and
ethanol precipitation. DNA was digested with SacI and HhaI, separated on 1%
agarose gels and transferred onto Hybond N � membranes. Southerns were
probedwitha200-bpPCRproductcorrespondingtotheregioncoveringtheCTCF
site No. 3: 5
 CTGTTATGTGCAACAAGGGAA and 3
 GGTCTTACCAGCCACTGA.
Blots were washed at 65°C and quantified as described above.

In situ Hybridization. In situ hybridization on liver sections was performed as
previously described (26).
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